This paper examines the CO 2 sequestration potential of magnesium silicate minerals in Turkey for two example cases, the Orhaneli-Bursa and Divrigi-Sivas regions. The distribution and properties of the silicate mineral deposits are provided and the quantities of CO 2 that can be sequestered in these deposits is estimated. The silicate minerals in the Orhaneli and Divrigi deposits provide significant CO 2 sequestration capacity. Assuming 100% mineral carbonation efficiency, approximately 2.4 million tons/year of olivine and 6.5 million tons/year of serpentine would be required to sequester the CO 2 released by the power plants investigated in this study. Although more detailed studies are needed, it is concluded that this approach has potential given Turkey's large dunite (olivine) and serpentine reserves. Furthermore, the proximity of these deposits and active open-pit mines to thermal power plants emitting CO 2 facilitate the utilization of mineral carbonation.
INTRODUCTION Rapid increase of population and industrialization in the 20
th century brought a huge energy demand. According to EIA, total world consumption of marketed energy is projected to increase by 57 % from 2004 57 % from to 2030 57 % from (EIA, 2007a . Since other alternative energy sources are still not feasible fossil fuels are currently account for nearly 85% of the world's energy supply (Herzog, 1998 , Herzog et al., 1999 . This trend is expected to continue in near future. Utilization of fossil fuels, however, results in emission of greenhouse gases into the atmosphere and this induces global warming effects. CO 2 has a great share among greenhouse gases (GHG) which globally causes big problems such as climate change and global heating. According to EIA world CO 2 emissions from the consumption and flaring of fossil fuels increased by 53% from 1980 to 2005. Table 1 shows the comparison of CO 2 emissions of Turkey and the World in terms of the consumption and flaring of fossil fuels between 1980 (EIA, 2007b . (Goldberg et al., 2001 ):
As examples the reactions for olivine (2) and serpentine (3) can be given as:
The minerals that can be used in mineral carbonation are both alkali and alkaline earth metals. However, alkaline earth metals are preferred in mineral carbonation although carbonation of calcium is easier. The reason for this is that alkali carbonates are too soluble to form a stable product; thus, aboveground-storage of such products is not favorable. Furthermore, magnesium-containing minerals are available worldwide in huge amounts and in high purity.
Alkalinity is necessary for the reaction of mineral with acid CO 2 . However, not all minerals containing alkali or alkaline earth metals provide alkalinity. Oxides or hydroxide can derive the alkalinity. Lackner (2002) stated that converting carbonates into bicarbonates is easier than to carbonate a silicate mineral. The reason is that carbonates are almost insoluble in water whereas bicarbonates are fairly soluble.
Main candidates that can be particularly used in mineral carbonation are magnesium-rich ultramafic rocks like dunites, peridodites and serpentinites. These rocks are mined for olivine, (Mg,Fe)SiO 4 , (forsterite, Mg 2 SiO 4 , and fayalite, FeSiO 4 ) and serpentine, Mg 3 Si 2 O 5 (OH) 4 . Main calcium containing candidate is wollastonite (CaSiO 3 ) but it has a rather limited reserve worldwide as compared to magnesiumbased minerals. Figure 2 shows worldwide distribution of magnesium-based silicates. Table 3 presents the composition of various minerals and their specific CO 2 sequestration characteristics determined by Lackner et al. (1995) . Here, R CO2 is the ratio of mass of silicate mineral needed to the mass of CO 2 fixed when assuming complete conversion of the mineral upon carbonation. R c is the mass ratio of silicate mineral rock needed for CO 2 fixation to carbon burned. (Zevenhoven and Kohlmann, 2001) . The mineral carbonation process would require 1.6 to 3.7 tons of silicates per ton of CO 2 to be mined, and produce 2.6 to 4.7 tons of materials to be disposed per ton of CO 2 stored as carbonates. This would therefore be a large operation, with an environmental impact similar to that of current large-scale surface mining operations (IPPC, 2005) . Zevenhoven and Kohlmann (2001) also stated that 1 kg of CO 2 may require 2 kg of serpentine as an average for mineral carbonation. CO 2 sequestration in natural minerals requires the large scale mining and use of natural raw materials. An alternative could be the use of alkaline solid wastes as a calcium and/or magnesium source. Examples of such solid wastes are residues of fossil fuel combustion (coal fly ash) and production of steel (steel slag). These secondary raw materials are available in coal-fired thermal power plants and steel industry (Henning, 1994) .
The estimated cost for mineral carbonation range between 50 and 100 US$/ton CO 2 net mineralized. The method seems more expensive than other CO 2 sequestration methods (geological storage, ocean storage etc.) but it is environmentally safe. Since carbonation securely traps CO 2 there would be little or no need to monitor disposal sites. In addition, mineral carbonation produces silica (SiO 2 ) and carbonates that are environmentally stable and can therefore be used as filling material for reclamation or road construction purposes in the mines. Huijgen and Commans (2003) stated that two main process routes can be distinguished in general for CO 2 sequestration by silicate minerals. One is direct route in which mineral is carbonated in a single step and the other is indirect route in which reactive components are first extracted from the mineral matrix and then carbonated in a separate step.
Direct Carbonation
In this route, mineral carbonation takes places in a single process step. This process can be subdivided into direct gas-solid carbonation and direct aqueous carbonation.
In a direct gas-solid carbonation process, CO 2 and the mineral are the only reactants. This route was first introduced by Lackner et al. (1995) . The process is advantageous in a way that it is simple and heat can be recovered at high temperatures so that it can be used for even electricity generation (Zevenhoven and Kavaliauskaite, 2004) . The highest conversion reported by direct carbonation is 25% of stoichiometric maximum, which was achieved by exposing serpentine particles 100µm in size to a pressurized CO 2 (340 bars) at 500°C temperature for 2h (Lackner et al., 1997) .
In direct aqueous carbonation, a slurry of water and pre-treated olivine (Eq. 6 and 7) or serpentine (Eq. 8) is reacted with pressurized CO 2 to produce magnesium carbonates. The processes take place in a single reactor. Carbon dioxide is dissolved in water to form carbonic acid (H 2 CO 3 ), which dissociates to hydrogen cations (H + ) and bicarbonate anions (HCO 3 -) (Eq. 4 and 5). The hydrogen cations reacts with the mineral, liberating magnesium cations (Mg 2+ ), which react with the bicarbonate to form solid carbonate and silicic acid (which in turn becomes silica and water). According to O'Connor et al. (2005) , the same process could be used for carbonating Ca-and Fe(II)-rich silicates as well (Eq. 9 and 10) (Teir, 2008) . 
A typical flow diagram for aqueous direct carbonation using serpentine and olivine is given in Figure 3 . In direct aqueous carbonation, it is possible to enhance the reactivity of the minerals using physical and chemical pre-treatment methods, mechanical activation methods and heat activation procedures. However, these methods require chemical additives and/or energy which creates extra costs for the process.
Indirect Carbonation
In this processes, extraction of magnesium or calcium compound from the mineral is introduced to improve the overall reaction. Indirect carbonation processes usually provide faster reactions but requires additional energy or chemicals.
In indirect gas-solid carbonation, the mineral is first converted into an oxide or hydroxide and then carbonated as below (Teir, 2008) : Lackner et al.(1997) achieved 100% of conversion of magnesium hydroxide (Mg(OH) 2 ) in less than 2 hours using CO 2 pressure of 340 bar at 500°C. However, magnesium/calcium oxides/hydroxides are rare in nature thus; they should be produced from calcium/magnesium silicates.
Another indirect process is mineral carbonation using HCl. This process was studied by Lackner et al. (1997) and Butt et al.(1998) by first producing magnesium hydroxide from minerals using an acidic solution first and then carbonating as a gas solid reaction (Figure 4) . The chemical equations for serpentine as an example to production of hydroxides are given below:
Mg 3 Si 2 O 5 (OH) 4 (s)+6HCl(aq) → 3MgCl 2 (aq)+2SiO 2 (s)+5H 2 O(l), ∆H=-236 kj/mol (15) Figure 4 . Indirect carbonation process using hydrochloric acid (Teir, 2008) .
Here, silica obtained can be recovered by filtration. Excess acid and water is boiled off at 150°C, where the formed solid magnesium chloride (MgCl 2 ) decomposes and hydrochloric acid (HCl) is regenerated.
After dissolved in water, magnesium hydroxide chloride (MgCl 2 .6H 2 O) forms magnesium hydroxide (Mg(OH) 2 ) and magnesium chloride (MgCl 2 ):
After this step magnesium hydroxide (Mg(OH) 2 ) is separated while magnesium chloride (MgCl 2 ) is recycled through the acid recovery step. High energy demand for the evaporation of the aqueous solution is the main drawback of this process. Lackner et al. (1995) showed that the same process route can be used for carbonation of calcium silicates.
Yet another indirect carbonation method is indirect carbonation using acetic acid which was studied by Kakizawa et al.(2001) Kakizawa et al. (2001) stated that the theoretical conversion that can be achieved at 25°C is 40% at 1 bar and 75% at 30 bars. Flow diagram of the carbonation of calcium silicate using acetic acid is presented in Figure 5 . Figure 5 . Indirect carbonation of calcium silicate using acetic acid (Teir, 2008) .
Other than the above mentioned processes in indirect carbonation process there are also multi-step carbonation using caustic soda developed by Blencoe et al. (2003) and two-step process for carbonation of serpentine studied by Park et al. (2003) . However, these methods are unlikely to be applicable for industrial applications.
ENERGY UTILIZATION AND CO 2 EMISSIONS IN TURKEY
Turkey has various energy resources (coal, natural gas, oil and renewables). The total energy consumption in Turkey will rise in the future due to its growing population and promoted industrialization ( Figure 6 ). Figure 7 illustrates the amount of natural gas, oil and coal used in power plants for electricity production in Turkey between 1990 and 2005. Turkey has both hard coal and lignite deposits. The hard coal deposits are located in the western part of the country, in the Zonguldak basin. Lignite deposits are widespread in the country and reserves are estimated at more than 8 billion metric tons. Most of the lignite reserves are economically mineable, though only about 7% has a heat content of more than 3000 kcal/kg. About 75% of Turkey's lignite production is used as a fuel source for electric power generation (Pamukcu and Konak, 2006) . A summary of Turkey's coal-fired power plants is shown in Table 4 . Along with a rapid increase in population and industrialization total CO 2 emissions in Turkey has increased by 96% in 2006 as compared to 1990 (Figure 8 ). The share of CO 2 emissions resulted from the energy production in total CO 2 emission was 92% in the year (TUIK, 2008 . 
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ASSESSMENT OF UTILIZATION POSSIBILITIES OF CO 2 SEQUESTRATION VIA MINERAL CARBONATION IN ORHANELI-BURSA AND DIVRIGI-SIVAS REGIONS
Turkey has significant resources of magnesium and calcium silicate minerals which can be used in CO 2 sequestration by mineral carbonation. Most important ones are olivine, serpentine, talc and wollastonite. Among those magnesium silicate minerals (olivine, serpentine) have a particular importance for Turkey in terms of mineral carbonation since others are in limited amounts. There are extensive ultramafic rock masses in which important dunite (containing 90-95% olivine) and serpentine formations are available in Turkey. Figure 9 illustrates the locations of main ultramafic rock masses in Turkey, including investigated olivine and serpentine fields in Orhaneli-Bursa and Divrigi-Sivas regions. Also, the locations of Kangal and Orhaneli coal mines and coal-fired power plants are given. As seen in the figure the main ultramafic rock masses are located around Antalya, Adana, Erzincan, Bursa, Mugla and Konya (Akin, 1987 , DPT, 2001 , Sedef and Doyen, 2001 ). Sayin (1989) investigated the dunite zones in ultramafic rocks located in Orhaneli-Bursa and reported a reserve of more than 5 billion tons. Furthermore, important serpentine reserves are available in Divrigi-Sivas iron ore mine. Kosal (1971) reported serpentine formations in his study on the determination of iron ore reserves in the region. Estimated serpentine reserves close to the iron ore deposit in Divrigi region are more than 3 billion tons. There are also important dunite and serpentine deposits in various parts of Turkey. Table 5 presents reserves and geochemical properties of some important olivine/dunite and serpentine deposits in Turkey. In order to develop an estimation of the quantity of CO 2 that could be sequestered, two selected silicate mineral deposits in Turkey are Orhaneli-Bursa and Divrigi-Sivas regions. There are coal-fired thermal power plants near to coal mines and formations of silicate minerals in these regions. Kangal coal-fired power plant and lignite field is located in Kangal-Sivas basin in eastern Anatolia. The power plant annually consumes about 5.4 million tons of run-ofmine lignite produced from a near open pit mine. The average calorific value of the coal used is 1,234 kcal/kg (Tercan et.al, 2001 ). Orhaneli coal-fired power plant and lignite field is located in Orhaneli-Bursa in western Anatolia. The power plant annually consumes about 1.5 million tons of run-of-mine lignite produced from an open pit mine near the power plant. Average calorific value of coal used is 2,058 kcal/kg (Esenlik et al., 2006) .
The Divrigi open-pit mine is located east of Sivas, mid-eastern Anatolia. It is the largest open-pit iron mine currently operating in Turkey with an iron ore production capacity of 1.7 million tons/year. The mine site consists of two main ore bodies, the A head and the B head, which are magnetite and hematite ore bodies, respectively. Divrigi A head iron deposit is located at the contact between serpentinite, limestone and granitic rocks. Serpentinites are the host rocks and crop out close to the iron ore deposits (Unlu and Stendal, 1986 ).
An estimation of annual CO 2 emissions of Kangal and Orhaneli coal-fired power plants calculated by using their annual coal consumption, average calorific value of coal used and emission factor for lignite (IPCC, 2005) is presented in Table 6 . Furthermore, an original estimation of sequestration capacities of Orhaneli olivine and Divrigi iron mine serpentine reserves was developed and is given in Table 7 . 100% mineral carbonation efficiency for each ton of CO 2 was assumed to estimate the CO 2 sequestration capacity. In addition, R CO2 ratios proposed by Lackner et.al (1995) were used for the estimation of CO 2 sequestration capacity of the selected olivine and serpentine minerals. Lackner et al., 1995. 
RESULTS AND DISCUSSION
According to the estimations made, approximately 2.4 million tons/year of olivine and 6.5 million tons/year of serpentine would be required sequestrating the CO 2 released by the power plants investigated. Orhaneli and Divrigi silicate mineral deposits could theoretically be sufficient for sequestration of the whole CO 2 emissions of these power plants for many hundred years. It should be noted that depending on the carbonation process (direct or indirect routes) the efficiency of carbonation process varies. For low efficiencies more silicate minerals would be required for the process.
Orhaneli-Bursa region seems, in particular, very favorable for mineral carbonation to its large amounts of dunite (olivine) reserves, short distances to the coal-fired power plant and active lignite open-pit mine. In addition, the short distance is advantageous for transport of captured CO 2 to the carbonation plant via pipeline. The spaces left from mining activities of the open pit mines (coal, olivine) could be used to utilize the solid reaction products of the mineral carbonation process for mine reclamation and road construction purposes regarding economical reasons. Furthermore, the close distance (<80 km) of the olivine deposit to Bandırma harbor is advantageous regarding economical aspects and possibility to transport large amount of the olivine mineral to other possible mineral carbonation plants in Turkey. The produced olivine mineral could also be utilized in large iron and steel plants in Turkey.
CONCLUSIONS
In this study, an assessment of potential of CO 2 sequestration by magnesium silicate minerals was attempted for some regions of Turkey. CO 2 sequestration capacities of two selected regions, Orhaneli-Bursa and Divrigi-Sivas, were estimated. It is concluded that to achieve the reduction in CO 2 emissions in Turkey required by Kyoto Protocol the carbonation of magnesium silicate minerals could be an important alternative. The ultramafic rocks containing magnesium silicate minerals in Turkey alone could be sufficient for storing total CO 2 emissions of Turkey for many years.
A number of issues still need to be clarified before industrial utilization of mineral carbonation process. The issues include assessments of the technical feasibility and costs at large scales, but also the fraction of silicate reserves that can be technically and economically exploited for CO 2 storage. The environmental impacts of mining, waste disposal and product storage must also be investigated carefully according to legal aspects and public perception.
Future scientific researches in the field of mineral carbonation focuses especially on finding process routes that can achieve reaction rates viable for industrial purposes and make the reaction more economical and energy-efficient.
